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THE USE OF ULTRASONICS FOR TEXTURE MONITORING IN ALUMINUM ALLOYS 
INTRODUCTION 
A. V. Clark, Jr.,* A. Govada,** R. B. Thompson,*** 
J. F. Smith,*** G. V. Blessing,* P. P. Delsanto,**** 
and R. B. Mignogna**** 
Many alloys of common metals (such as aluminum and steel) are poly-
crystalline aggregates having preferred orientation (texture) of the single 
crystals making up the aggregate. Texture often affects mechanical proper-
ties, such as response of material to deep drawing which occurs in the 
manufacture of aluminum cans. 
In the manufacture of aluminum cans, an ingot is hot rolled to a thin 
plate and wound into a coil. A measurement of coil temperature is made. 
If the temperature is between certain ranges the coil is set aside to cool; 
otherwise the coil is annealed. It is desired to have a cube texture in 
the coil; that is, the preferred orientation is one with a cube axis of the 
single crystals (which make up the polycrystalline aggregate) aligned along 
the rolling direction. After cooling or annealing the coil is then cold 
rolled into a thin sheet. 
In cold rolling, the single crystals are effectively broken up and 
rotated so that a more random orientation results. This is desirable, 
since a preferred orientation could result in a phenomenon called "earing" 
when the rolled sheet is deep-drawn to produce cans. The ideal cross sec-
tion of a can is circular; if "ears" result, the cross-section has lobes 
(no longer circular). Earing causes wastage of material; in some cases, 
the entire sheet must be rejected for the purpose of can manufacture. 
It has been (conservatively) estimated that the aluminum industry 
annually produces about 1 billion kg of material for can manufacture. It 
has also been estimated that a saving of about 4 cents/kg could be effected 
if a method for adequate texture monitoring could be developed. Appar-
ently, the current process control (measurement of exit temperature) does 
not completely correlate with texture; sometimes an improper texture is 
obtained even if the measured exit temperature is within the "acceptable" 
range. 
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THEORY 
Recent theoretical developments have allowed a quantitative prediction 
of the effect of texture on ultrasonic velocities [1 ,2,3]. The theories 
treat the case of a polycrystalline aggregate of cubic single crystals 
having orthotropic symmetry; i.e., any small element of the material has 
3 orthogonal axes of mirror symmetry. A rolled sheet of aluminum or steel 
falls into this category. 
The texture can be characterized by the orientation-distribution func-
tion, ODF, which gives the probability that a single crystal will have its 
axes at an angle e,n.~ to the symmetry axes of the aggregate. The ODF, 
w(e,n.~), can be expanded in a series of Legendre functions F~mn (~), and 
complex exponentials [1]: 
L ( 1 ) 
~=0 
where ~ = cos e. The w~mn are called the orientation-distribution coeffi-
cients (ODC), 
For orthotropic aggregates of cubic crystals, the phase velocities of 
sound waves depend upon only the ODC w400 , w420 and w440 [1 ,2,3]. 
Consequently, it may be possible to monitor texture with ultrasonics, pro-
vided that significant information about the texture can be obtained from 
these ODCs. 
The ODC for many rolled-aluminum and steel plates are small (typically 
of the order of magnitude 10-3 to 10-4). Consequently, it is desirable to 
obtain the w4mo from relative velocity measurements, which are generally 
more accurate than absolute velocity measurements. 
We considered several techniques for measuring the ODC, both at the 
surface of rolled plates and in the bulk. For surface texture measure-
ments, we used Rayleigh waves; for bulk textures, we used horizontally 
polarized shear waves (SH-waves) and also the lowest-order Lamb-wave mode. 
The SH-waves were propagated at normal incidence and also in the form of 
the lowest-order plate modes (SH0-mode); the SH0-mode is equivalent to an 
SH-wave at grazing incidence. 
For SH-waves at normal incidence, the difference of velocities of 
waves polarized parallel and perpendicular to the rolling direction (acous-
tic birefringence) is proportional to the ODC, w420 [1]. The same ODC can 
also be obtained from the difference in velocity of the lowest-order Lamb-
wave mode (s0 mode) propagating parallel and perpendicular to the rolling 
direction [2J. 
In addition, w420 is proportional to the difference of transit times 
of Rayleigh waves (RW) propagating parallel and perpendicular to the roll-
ing direction. 
The ODC w440 can be determined from: difference of transit times of 
SH0-mode parallel and at 45° to rolling direction; difference between tran-
sit times of s0-mode at 45° and average transit time of s0-mode parallel 
and perpendicular to rolling direction; difference between transit times of 
Rayleigh waves at 45° and the average transit time of RW parallel and per-
pendicular to the rolling direction. 
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Equations relating velocity changes to ODC are given in the Appendix. 
For bulk texture measurements (normal incidence SH-waves; SH0, and S0 -
modes), it is necessary to know the second-order elastic moduli for the 
cubic single crystals making up the polycrystalline aggregate. For surface 
texture measurements, it is necessary to calculate certain parameters which 
depend upon the Poisson's ratio of the aggregate. These calculations have 
been performed elsewhere [3]. 
EXPERIMENT 
Methods of Relative Velocity Measurement 
The acoustic birefringence was measured with both an EMAT (NBS, 
Boulder) and a piezoelectric transducer dry coupled to the surface with a 
special rubber material (NBS, Gaithersburg). The EMAT measurements were 
made in the pulse-echo mode; a time-interval-averaging counter was used for 
arrival time measurement. Pulse-echo overlap method was used with the 
piezoelectric transducer. The EMAT was used at frequencies of 2.5, 3.0, 
and 4.5 MHz; the piezoelectric transducer was operated at 5 MHz. 
Meanderline EMATs were used for S -mode measurements (Ames Labora-
tory). Transmitting and receiving EMA~s were held in a rigid fixture, and 
changes in arrival time with different propagation directions measured with 
a time-interval averaging counter. The system was typically operated at 
500 kHz. 
EMATs having a periodic array of permanent magnets were used for SH0 -
mode measurements. Transmitting and receiving EMATs were held in rigid 
fixtures (except for one system to be described later for operation on 
curved plates). At Ames Laboratory and NBS (Boulder), EMATs were usually 
operated at 500 kHz and time-interval-averaging counters used. The 
ALCOA1 system operated at 1 MHz and a digital oscilloscope with a movable 
cursor was used to measure changes in arrival time of zero crossings in the 
rf waveform. 
Rayleigh wave (RW) measurements were performed with two different 
systems at NBS (Gaithersburg) and Naval Research Laboratory (NRL). Both 
use a transmitting piezoelectric transducer mounted on a wedge at the 
critical Rayleigh angle. The NRL system uses two piezoelectric cones 
mounted on a rigid quartz rod as receivers. The other RW device (developed 
by Prof. K. Jassby, Tel Aviv University) uses two transducers mounted on 
steel wedges as receivers. The NBS system was operated at frequencies of 
2, 5 and 10 MHz, and the NRL system at 2 and 4 MHz. 
Comparison of Ultrasonic Texture Measurement Techniques on a Common 
Aluminum Alloy with Cube Texture 
We performed a series of experiments on plates of a common aluminum 
alloy (5052) having cube texture. The (flat) plates were tested at room 
temperature. The purposes of this study are: 1) determine which of the 
w4mo is most easily measured ultrasonically for rolled aluminum alloy 
plates with cube texture, 2) determine the precision of different ultra-
sonic systems in measuring texture (we wish the relative velocity changes 
to be at least order of magnitude larger than measurement errors), 3) ver-
ify that different techniques of measuring bulk texture give the same w4 ~0 , 
and 4) compare measurements of surface texture (made with Rayleigh waves) 
with bulk texture. 
1use of the trade name does not imply recommendation or endorsement of any 
particular product by the National Bureau of Standards. 
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Acoustic birefringence of measurements w420 were made using two sys-
tems described above. The values of w42§ from these measurements were in 
excellent agreement: w420 = -1.06 x 10 ~or both systems, within experi-
mental error (estimated to be about 3 x 10 5 in aluminum). 
Measurements of surface texture were made using the angular variation 
of Rayleigh waves (RW). The values of w420 obtained with the two Ray~eigh 
wave devices described above were in good ag~~ement; w420 = -1.0 x 10 3 for 
both within experimental error (about 1 x 10 for these RW devices in 
aluminum). Furthermore the RW values of w420 (surfac~ texture) were in 
good agreement with the bulk value (w420 = -1.06 x 10 3 as measured with 
acoustic birefringence). The RW samples the surface texture over a depth 
of penetration of order 1 mm, for the frequencies employed. 
We measured the ODC, w440 , from the angular variation of the SH0 -mode 
velocity. Results obtained on a typical plate are shown in Fig. 1. Note 
that the velocity is greatest along the rolling direction and least along 
the 45° direction. The velocities are the same in the rolling and trans-
verse directions, in agreement with theory [2]. From data taken on four 
plates, we obta!ned w440 = 2.82 x 10-3 with an estimated experimental error 
of about 2 x 10 5 due to slight inhomogeneity of the plates. 
There are several types of texture which commonly occur in rolled 
aluminum alloy plates. Of these, only the "cube texture" results in th.e 
angular variation shown in Fig. 1 [4]; i.e., with the maximum velocity in 
the rolling direction. For cube texture, the preferred orientation is with 
the <100> direction in the rolling direction and the {001} plane in the 
rolling plane. 
Fig. 1. 
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Angular variation of SH0 -mode for 5052 aluminum alloy plate. 
Angle w measured clockwise from rolling direction. Solid line is 
theory, obtained by fitting to data at w = 0° and 45°; open cir-
cles are data points. 
A neutron-diffraction pole figure was made as an independent check to 
confirm the cube texture of this alloy. A (200) pole figure is shown in 
Fig. 2. The concentration of intensity contours near the rolling direction 
indicates that the <100> cube axes of the crystallites are preferentiall y 
oriented in the rolling direction. The ( lesser) concentration in the 
transverse direction indicates a small preferential orientation of the {001} plane in the rolling plane [5]. 
The value of w440 at the surface was also obtained from RW data, using 
the transducers described p~eviously. The value of w440 for surface tex-
ture (w440 = 2.6 ± 0.6 x 10 3 for the Jassby RW device) is close to the 
bulk value (w440 = 2.82 x 10-3), so there is good agreement for bulk and 
surface values of w44o· 
In calculating the ODC, we have used the values c?1 = 10.71, c?2 = 6.05 and c~4 = 2.84 (in units of 1010 Pa) for the s econd-order moduli. 
From these studies, we 9onclud~ the following. ~440 is the dominant ODC in these rolled plates; I w440 I was larger than I w420 I for both bulk 
and surface measurements. The various methods of measuring bulk tex t ure 
agreed well with each other; data obtained with the two RW devices also 
were in good agreement. There is also good agreement between bulk and 
surface texture measurements. 
The precision of arrival time measurements was typically of the order 
of a few nanoseconds for all techniques, except for the ALCOA system; the 
digital oscillosocpe use in this system has a resolution of 10 ns. We 
attribute errors in RW measurements to phase shifts associated with cou-
plant variations and the fact that the first receiver slightly distorts 
the RW so that the second receiver sees an additional phase shift [6]. For 
EMATS, precision of arrival time measurement is affected by phase shifts 
associated with variation in electrical coupling between the EMAT and the 
surface of the aluminum. For the SH0 experiments, a typical path length 
was about 15-20 em; for the RW devices, the path length between receivers 
was 2-3 em. Consequently, the ratio of arrival time error (as measured by 
precision) to arrival time was better for the bulk wave t ransducers than RW 
transducers. 
Fig . 2 . (200) neutron diffraction pole figure. Rolling direction i s at 
top of figure. 
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Measurements using EMATS and the dry-coupled piezoelectric system were 
quicker to perform than with the RW devices, which required a liquid acous-
tic couplant. 
Comparison of Ultrasonic Texture-Measurement Techniques on Aluminum-Alloy 
Used in Can Manufacture 
Specimens of 3004 aluminum alloy (used in can manufacture) were ob-
tained, having different exit temperatures. Specimens were cut from hot 
rolled coils and allowed to cool to room temperature. A small rolling mill 
was used to remove most of the curvature in the plates. Measurements were 
made with force applied to the plates to remove the remaining curvature. 
~easurements of acoustic birefringence showed a slight increase of 
lw420 1 with decreasing exit temperatures; see Figure 3. The s0-mode was 
als9 use9 to measure w420 for the three plates (Ames Laboratory). Values 
of lw420 1 were generally less than those measured as the acoustic bire-
fringence. Also, no clear trend between w420 and exit temperature was 
apparent for s0-mode measurement; see Fig. 3. At present, we have no 
clear explanation for the discrepancy between the two techniques (bire-
fringence and angular variation of s0-mode). 
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Fig. 3. w420 as function of exit temperature for 3004 aluminum alloy 
plates. Measurements made with birefringence, RW and S0 -mode 
techniques. 
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Fig. 4. w440 as function of exit temperature for 3004 aluminum alloy 
plates. Measurements made with RW and SH0 , S0 -mode techniques. 
The SH0 -mode was used to measure w440 using three different systems. 
There is good agreement between the magnitudes of w440 for all three data 
sets; see Fig. 4. Values of w440 were also determined (Ames Laboratory) by 
using s0-mode transducers. The results are in excellent agreement with 
those obtained from SH0-mode measurements, as shown in Fig. 4. All measure-
ments show that w440 increases as the exit temperatures decrease. This is 
in qualitative agreement with metallurgical considerations and also indi-
cated that w440 is a good candidate for texture monitoring. 
Furthermore, all SH0-mode measurements showed that the transverse and 
rolling directions had the same velocity, with the smallest velocity at 
45°. The trend is similar to that shown in Fig. 1, which indicates a cube 
texture in the plates. 
The angular variation of RW was measured with the Jassby device at 
5 MHz. The ODC, w420 and w440 , were obtained from fitting the data to 
the dispersion equation <t-6) ~f the Appendix. The results are shown in 
Figs. 3 and 4. Values of w420 1 and w440 both decrease with exit tempera-
ture and were generally in good agreement with bulk values. 
As in the case of 5052 alloy plates, it was generally more convenient 
to use dry-coupled or non-contacting transducers for texture measurements. 
Also, the EMAT measurements were less sensitive to curvature. 
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Measurements were made (NBS, Boulder) for two cases: the plates 
clamped to a flat surface and the plates unclamped (having a small radius 
of curvature). In this experiment, we used the following arrangement. 
One transmitting EMAT and two receiving EMATS are connected by a flexible 
steel strip, which allows the transmitter-receiver path length to be 
approximately the same on straight and curved surfaces. Furthermore, the 
two (SH-wave) receivers are clamped together, giving less scatter of arri-
val time measurements. (Here we measure the transit time between the two 
receivers.) The relative velocity was measured with the plates both 
clamped and unclamped. The prec1s1on of arrival time measurements was 
about ±2 ns for the clamped case, and about ±6 ns for the unclamped case. 
CONCLUSIONS 
Various relative velocity measurement techniques have been used for 
characterization of texture in rolled aluminum alloy plates in the static, 
isothermal mode. An initial series of experiments was performed on 5052 
aluminum alloy plates, which have the same type of preferred orientation 
("cube texture") desired in hot rolling of can stock. Measurements of 
angular variation of SH0 -mode at various laboratories were in good quanta-
tive agreement, as were measurements of birefringence and angular variation 
of Rayleigh waves velocities. Surface values of w420 and w440 were gener-
ally in agreement with bulk values. Both bulk and surface measurements 
indicate a high degree of cube texture. 
Specimens of hot-line gage 3004 alloy (used in can manufacture) with 
different exit temperatures were obtained. Measurements with both S0 - and 
SH0 -mode show that w440 increases with decreasing exit temperature. These 
measurements also showed a high degree of cube texture (large ODC, w440). 
Measurements of birefringence were not as sensitive to exit temperature; 
consequently, the birefringence may not be so useful for texture monitoring 
of hot-rolled stock as the SH0 - and S0 -modes. Measurements of Rayleigh 
waves with contacting transducers showed sensitivity to the exit tempera-
tures but were harder to perform than those using EMATs. Also, the preci-
sion of measurements was better with EMATs and dry-coupled piezoelectric 
transducers. 
Experience with various transducers indicates that EMATs are easier to 
use and may give better precision, on sheet with large curvature. It is 
anticipated that EMATs will be preferred for measurement of texture at hot 
rolling exit temperatures. 
We have identified a key step in aluminum can production where ultra-
sonics can be used as a process control monitor; namely texture measurement 
after hot rolling. Ultrasonic techniques which appear the most promising 
are measurement of angular variation of SH0 - and S0 -modes. These both are 
measure of ODC, w440 , which characterized cube texture well and increased 
as exit temperatures decreased. This result, in qualitative agreement with 
metallurgical considerations, is a necessary condition for the use of in-
process ultrasonic texture monitoring. 
ACKNOWLEDGMENTS 
The work reported here was sponsored at NBS and Ames Laboratory by the 
NBS Office of Nondestructive Evaluation and at Naval Research Laboratory 
by the Office of Naval Research. S. S. Lee and T. Nagel (Ames), and 
P. Shull and J. Henning (NBS) assisted with the acoustic measurements; 
R. J. Fields and R. Reno (NBS) made the neutron diffraction pole figure. 
We also thank the management of ALCOA for making specimens available. 
1522 
APPENDIX 
Here we summarize equations used to relate velocity changes to ODC. 
Relations for w420 
Sayers [1] has shown that phase velocities of SH-waves at normal inci-
dence (propagation in z-direction) are given by 
P Vzx2 = ~ - aco (w4oo - 1572 w420) 
P V z/ = ~ - aco ( w400 + 1572 w420) 
(A-1 ) 
(A-2) 
where e.g. Vzx is velocity of aSH-wave polarized in the x-direction. Let 
the x-axis be parallel to rolling direction, and y-axis parallel to trans-
verse direction. In the above equations, p is density, a = 16/:2n2135, c0 
is the anisotropy factor c;1 - c;2 - 2cn4 and c~j are the cubic single 
crystal constants. ~is the shear modulus, defined as c11 o + c0 /5; i.e., 
the modulus in the absence of texture (w4mo = 0). 
Subtracting (A-1) from (A-2) and assuming small texture so that 
pV2 = pV 2 ~ ~ gives zx - zy 
v - v B zx zy 
- 1/2 (V + V ) 
zx zy 
where B is the acoustic birefringence. 
The ODC, w420 , can also be obtained from the s0-mode [2,7] 
2 aCL BC T 
p [cs0(cp) J = CL + - 2- cos 2$ + - 2- (1-cos 4cp) 
(A-3) 
where s0 (cp) is the velocity of the s0-mode propagating at angle cp to the 
rolling direction. The effective stiffnesses CL and CT are given in terms 
of the c7j and w4mo in Ref. [7], as are the factors a and B. Evaluating at 
cp = goo 
(A-5) 
Surface values of w420 can be obtained using Rayleigh waves (RW). The (small) change V' in RW velocity due to texture is given by [3] 
where VR is the RW velocity for the isotropic case. The coefficients, 
ai, are functions of single crystal moduli, and are calculated in [3]; for 
aluminum, bo = 0.574, b1 = 1.076, and b2 = -0.167, where bi = (c 0 /~) ~i in (A-6). For small texture, VR ·~ 1/2[V(0°) + V(90°)}. From (A-6) we have 
V'(QO) - V'(9QO) 
VR (A-7) 
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Relations for w440 
From equation (A-4) and relations for CL, etc. 
(A-8) 
The lowest-order SH-mode can also be used to obtain w440 ; from Ref. 2 
and 6, with SH(~) = velocity of SH0 -mode propagating at angle ~. 
16rr2co 
p [sH2(45°) - sH2(oo)] = ~ w44o. (A-9) 
The surface values of w440 can be obtained from (A-6): 
-
1_ [ V'(QO) + V'(9QO) 
~ 2 - V'(45°)] = 2b2 w440 . (A-10) 
It is also possible to obtain surface values of w420 and w440 by fitting 
the measured angular variation of V' to (A-6). Likewise it is possible to 
obtain both w420 and w440 by fitting the angular variation of the s0-mode to (A-4). When using either (A-4) or (A-6), beam steering due to anisotropy 
must be negligible. This effect is treated in some detail in Refs. 2 and 4. 
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